In a mechanical component, stress-concentration is one of the factors contributing to reduce fatigue life. This paper presents a design methodology based on shape optimization to improve the fatigue safety factor and increase the radial stiffness of Nitinol self-expandable stent-grafts. A planar lattice free of stress concentrators is proposed for the synthesis of a stent with smooth cell shapes. Design optimization is systematically applied to minimize the curvature and reduce the bending strain of the elements defining the lattice cells. A novel cell geometry with improved fatigue life and radial supportive force is introduced for Nitinol self-expandable stent-grafts used for treating abdominal aortic aneurism. A parametric study comparing the optimized stent-graft to recent stent designs demonstrates that the former exhibits a superior anchoring performance and a reduction of the risk of fatigue failure.
Introduction
Intravascular stents are primarily used to open and scaffold tubular passages or lumens such as blood vessels, biliary ducts and the esophagus (Duerig et al., 1999) . They usually consist of an expandable lattice mesh that can deploy and hold endovascular grafts, arterial endoprosthesis and self-expanding heart valve implants. Figs. 1(a-e) shows recent commercial applications of stent devices, which are designed to deploy into the body by minimally invasive percutaneous intervention (Kleinstreuer et al., 2008; Rose et al., 2001; Vergnat et al., 2009; Webb, 2008) .
Depending on the stent application, stents should address multiple functional requirements, which are often antagonist. For example, bare metal stents used for opening the occluded arteries should provide a combination of high radial force and axial flexibility in order to keep the artery open, prevent stent migration, conform to the curved blood vessels, and flex during the body movement (Cheng et al., 2006) . In endovascular repairs for abdominal aortic aneurisms (AAAs), the structure of a stentgraft should provide sufficiently high radial force to prevent graft migration and blood leakage into the aneurysm cavity (Kleinstreuer and Li, 2006; Kleinstreuer et al., 2008) .
Since 1990, an ever increasing demand for endovascular stents has led to significant advancements in the field of analysis, modelling and design of stent implants (Chua et al., 2002; Duerig et al., 1999; Martin and Boyle, 2010; Petrini et al., 2004; Migliavacca et al., 2002; Lim et al., 2008; Lally et al., 2005; Timmins et al., 2007; Bedoya et al., 2006; Wang and Masood, 2006) . The results of these studies have shown that besides mechanobiological factors, the geometry and typology of a stent are crucial aspects governing the device function. Shape and size, as well as the thickness of a lattice cell, are geometric variables that can be tailored through design optimization to improve alternative performance metrics, such as fatigue life, axial and radial stiffness among others. So far, however, approaches for the synthesis of optimized lattice geometry have received minor attention. For example, Fig. 1(f) shows the structural geometry of a recent stent consisting of a 2D lattice of closed cells (Zhi et al., 2008) . At the blending points between the arcs and the linear segments of each cell, the curvature is not smooth. A curvature discontinuity acts as a stress concentrator (Neuber, 1967) , which amplifies its detrimental effect for fatigue loading. This loading condition is ordinary in a ten-years life of a stent, which can undergo nearly four hundred millions of cycles due to pulsating blood pressure and body movement.
Stent fatigue, graft migration, and blood leakage into the aneurysm cavity undermine function and performance of stent grafts (Kleinstreuer and Li, 2006) . Two strategies were proposed to reduce these risks: i) stiffen the stent in the radial direction to reduce endovascular leakage and device migration; ii) increase fatigue life by reducing the level of the alternating strain generated by a pulsating blood pressure. The issue of reducing the level of stress concentration, thereby improving fatigue resistance, motivates this paper. We present a design strategy, which is expressed in the form of mathematical rigour and design optimization, to synthesize a planar lattice free of stress-concentration for a stent graft. Due to the existence of several stent applications, each entailing the fulfillment of specific requirements, we focus on stent grafts used for treating abdominal aortic aneurism. The results are compared with those obtained by (Kleinstreuer et al., 2008) , and discussed through a parametric study to investigate the effect of selected geometric parameters, e.g. tube thickness, strut width, and number of lattice cells, on stent fatigue life and radial supportive force.
Shape synthesis of lattice geometry

Lattice cells with smooth shape elements
In a 10 years expected design life, stents and stent grafts undergo nearly 4 Â 10 8 cycles of alternating forces arising from pulsating blood pressure and body movement (Pelton et al., 2008) . Such a loading condition could potentially lead to fatigue failure, especially for stent grafts made of Nitinol, which has a lower resistance to fatigue crack growth in comparison to other metals (Pelton et al., 2008; Stankiewicz et al., 2007; McKelvey and Ritchie, 2001) . Stress concentrators perturb locally the stress flow in a component at the location where its geometry changes abruptly. The stress regimes is altered with peaks that has the impact of reducing both static and fatigue resistance (Neuber, 1961a) . Neuber first demonstrated the detrimental effect of notches and other stress concentrators on the monotonic and cyclic strength of mechanical components (Pedersen, 2007; Neuber, 1961a; Pilkey, 2007; Williams, 1952; Dunn et al., 1997) . He showed that the stress regime locally increases if the radius of curvature of the geometric profile of an element changes discontinuously (Neuber, 1961a) . (Neuber, 1961b) showed that under pure shear loading condition the elastic stress concentration is equal to the product of the notch stress concentration factor and the strain concentration factor.
Later studies (Topper et al., 1969; Walker, 1970) showed that this relationship is valid also for other static and cyclic stress regimes. It has been shown that by controlling the curvature of a fillet, the stress flow might be smoothed to decrease stress peaks. For instance, (Waldman et al., 2001) showed that under repeated tension and bending the optimized-shape fillet of a shaft shoulder can provide 23% higher fatigue life than a circular-shape fillet. Fig. 1(f) shows the geometry of a common stent (Zhi et al., 2008) . The mesh elements are filleted at the blending points, where their tangent changes continuously. The stent, however, at each blending point exhibits curvature discontinuity which triggers stress concentration and thus accelerates fatigue failure. To remove the occurrence of geometry discontinuity in a stent, we propose here to synthesize the unit cell of a planar lattice with curves that are continuous in their curvature (Teng et al., 2008) . Through the formulation of a structural optimization problem explained in the next section, we first impose that each cell members be G 2 -continuous at the blending points with adjacent elements and then be as straight as possible, i.e. with the smallest possible curvature, to reduce the high bending strains caused by curved cell members. Fig. 2 shows the unit cell of a stent lattice consisting of G 2 -continous curves. The unit cell is repeated in a planar sheet to form the lattice, which is then folded into a cylindrical surface. The stent is described by n c cells in the circumferential direction and n l cell rows in the longitudinal direction. The tube thickness and strut width are respectively t and w, the stent length is assumed to be 100 mm and the non-shrunk diameter 30 mm (Kleinstreuer et al., 2008) . Next sections describe the procedure to synthesize smooth lattice cell topologies for a Nitinol stent-graft.
Mathematical formulation of the optimization problem
The problem entails the search of lattice cells with G 2 -continuous curves that have minimum root mean square, or rms, value of the curvature (Teng et al., 2008) . The first stage of the shape synthesis involves geometry optimization, in which only the rms value of the curvature of the cell elements is minimized. At this step, the material properties of Nitinol are ignored. The second stage entails the structural optimization of the unit cell and requires accounting also for the attributes and stress-strain curve of the material.
The shape synthesis of a cell geometric primitive is stated as follows: under given end conditions, find a boundary-curve G that connects two given end points A and B of the cell strut as smoothly as possible and with a G 2 -continuous curve. By parametrizing the strut boundary-curve G as a function of the arclength s along the strut, we can formulate the optimization problem as (Teng et al., 2008) :
where ffiffi J p is the rms value of the curvature of a cell member boundary-curve, L is the member length, A and B are its endpoints, and ds is the arc-length along the member, starting from 0 at point A, as shown in Fig. 2(b) . The member boundary-curve is subjected to four constraints at each end-point. Two constraints define the end-points coordinates, the other two set the tangent and curvature of the curve at these points.
Eq. (1) can be treated as a problem of mathematical programming by means of non-parametric cubic splines (Spath, 1995) . Hence, each boundary curve is discretized by n þ2 supporting points fP k g n þ 1 0 that are defined by P k ðr k ,y k Þ in a polar coordinate system. As shown in Fig. 2(b) , P k is a generic point of the curve; P 0 ¼A and P n þ 1 ¼ B, where Aðr A ,y A Þ, and Bðr B ,y B Þ are two endpoints of the boundary-curve of each cell element. Moreover, if we assume that the discrete points are located at constant tangential intervals, the tangential increment will be:
A cubic spline, rðyÞ, between two consecutive supporting points P k and P k þ 1 can be defined as:
The radial coordinates, the first and second derivatives of the cubic splines at the kth supporting point, r,r 0 and r 00 , respectively, are represented by the following three vectors: Furthermore, r 0 ¼ r A and r n þ 1 ¼ r B are known from a given parameter vector of the cell. Now, if x is the vector of the design variables, defined as
the discretized shape optimization problem can be written as (Teng et al., 2008) zðxÞ
where w k is the weighting coefficient of point kth defined at each supporting point, and representing the contribution of each point on the curvature of the optimum curve. Furthermore, the curvature at each point P k is given by:
Discretizing the objective function (Eq. (7)) and applying the constraints at the end points of the boundary curve, allow solving the problem with mathematical programming. The required number of supporting points depends on the geometric boundary conditions. After performing a sensitivity analysis, 100 supporting points have been selected for the boundary curves. To solve the optimization problem, we used a sequential quadratic programming algorithm employing orthogonal decomposition algorithm. The details of this method can be found in the work of (Teng and Angeles, 2001) .
As written previously, the first stage of geometry optimization assumes equal weighting coefficients, i.e. 1/n, to find a geometrically optimum boundary of the unit cell. This result is then further optimized at a second stage, in which the stress and strain regimes are taken into account. In this case, the expressions of the weighting coefficients, w k (Eq. (7)) are considered as a function of the strain regime obtained iteratively at each FEA iteration. We consider strain, rather than stress as used by (Teng et al., 2008) , since the plateau region of the Nitinol stress-strain curve (Fig. 3) , which corresponds to the stress induced phase transformation from the austensite to the martensite state, is much more sensitive to strain changes. This has a strong impact on the alternating strain and thus on the fatigue life of Nitinol. The weight coefficients are therefore not uniform along the cell strut boundarycurve and they are defined as:
where e k and e T are, respectively, the rms value of the von Mises strain at the kth supporting point of the profile curve, and the rms value of the strain over the whole cell element of the stent and are 
where m is the total number of nodes in the FE model, e i is the von Mises strain at ith node and e ki is the von Mises strain of the m k nodes (2% of the total nodes of FE model), which are relatively closer to the kth supporting point. The optimization algorithm is set to end when the reduction in the maximum strain value is smaller than 0.1%.
Finite element modeling
Usually, a stent consists of a set of separate rows that are sutured on the graft fabric. Between rows, there is a gap in the axial direction to allow a relative movement of the stent rows and to increase the axial flexibility of the stent. Since in the sealing section, located at the two distal rows of the stent-graft, the stent does not gain its original size and the graft material is not in tension, and since the graft material has negligible stiffness, the effect of the connectivity of the rows in the sealing section can be ignored (Kleinstreuer et al., 2008) . Hence in this work, only the stent rows in contact with the aneurism neck are examined due to their importance for stent-graft migration and fatigue life (Kleinstreuer et al., 2008) .
The stent geometry is automatically synthesized through an in-house MATLAB subroutine, which is coupled to ANSYS to build, mesh, and solve the 3D model of the stent. Because of symmetry in both geometry and loading, only ¼ of one cell is modeled. Symmetric boundary conditions are applied at the planes of symmetry. To mesh the stent elements of the lattice cell, a 3D eight-node element type, SOLID 185, is selected. The arterial wall is modeled as a cylinder and meshed by a twenty-node element type, SOLID 95. A mesh sensitivity test is also performed to ensure the independency of the results from the mesh size.
Material model
Nitinol is a pseudo-elastic material extensively used in biomedical devices for its bio-compatibility, shape memory property besides outstanding ability to withstand severe deformation. Fig. 3 is a schematic view of the stress-strain curve of Nitinol at a given temperature. To model the super-elasticity characteristics of Nitinol, we use the constitutive model presented by (Auricchio, 1995) with material properties shown in Fig. 3(b) .
The structure of the artery wall is assumed to be incompressible with a Young modulus of 1.2 MPa and a Poisson ratio of 0.495, as prescribed by FDA protocols (ASTM, 2007).
Loading conditions a. Shrinking loading
For delivery purposes, the stent-graft with outer diameter of 30 mm must be first shrunk to fit into the 24 F delivery sheath and then, when deployed, must regain its original shape. We model the shrinking manoeuvre by applying a radial displacement to a rigid movable surface, which is in frictionless contact with the strut outer surface. The graft material is assumed to have a negligible effect on the overall behaviour of the stent in the sealing section; thus the graft is not considered in the model. b. Sealing loading
The stent should be anchored to the neck artery of the abdominal aortic aneurism (AAA) after its release from the deployment system. The anchoring force should be sufficiently high to prevent the stent-graft migration. In this study, the stent deployment is modeled in two steps. First, the stent is shrunk to a diameter close to the artery interior wall by using rigid contact surface. Second, the stent expanded to reach an equilibrium radius in contact with the artery wall by gently removing the contact surface of the rigid body. The diastolic and systolic blood pressures are modeled as constant pressures applied to the inner surface of the artery wall.
Results
Fig. 2(c)
shows the results of minimizing the curvature of the inner boundary-profile for the E lattice cell. Fig. 4 shows the views of the structurally optimized stents. Fig. 5(a) illustrate the von Mises strain distribution in the shrunk stent. It can be seen that the maximum strain level is below 12%, the allowable threshold strain limit of Nitinol (Kleinstreuer et al., 2008) ; the stent can thus shrunk without fracture. The distribution of the first principal strain in the deployed stents is shown in Fig. 5(b) . Table 1 shows the performance of the proposed design in comparison with the R stent (Kleinstreuer et al., 2008) . We note that the requirement used for comparison is the area of the R stent in contact with the artery; this value is assumed to be equal to the area of the E stent. As explained in the discussion, the deployment constraint imposes a maximum on the allowable number of cells in the circumferential direction. For a given surface area requirement, we select the strut width as design variable and we fix as design parameters: 1) the number of cells in the longitudinal direction so as the stents have equal share of pressure on the artery wall at each row; 2) the stent thickness, as its effect on the blood flow and hemodynamic properties is significant. Table 1 shows that the proposed E stent has 69.1% higher fatigue safety factor 1 and 82.4% larger radial supportive force per unit of stent area. Fig. 5(c) shows the von Mises stress distribution induced in the artery wall after graft deployment. The stress level in the artery wall is below 0.67 MPa, the elastic limit of the artery (Raghavan et al., 1996) . However, compared to the R stent, the level of von Mises stress induced in the artery wall exhibits a 32.4% increase. Although this stress level might reduce over time, it should be always below the allowable elastic limit of the artery wall after stent insertion. Fig. 6 illustrates the radial supportive force as a function of the outer diameter for E stent in comparison with the R stent for a prescribed stent area and tube thickness. For a 2 mm constant radial displacement, the proposed E cell design provides 165% increase in the supportive radial force.
Discussion and concluding remarks
To discuss the effect of the changes in the geometry of the optimized stent geometry, we have performed a parametric study that assesses the role of n c , n l , t, and w on the (i) deployed stent supportive radial force under 100 mmHg blood pressure; ii) stent fatigue safety factor; and iii) stent area. Fig. 7 summarizes the results. As can been seen, the application of the proposed methodology enables to find lattice structures with higher fatigue safety factor and an improved radial supportive force. In particular, for a 25% increase of n c , n l , t, and w, the radial supportive force increases respectively by 1.4%, 18.55%, 7.39%, and 2.11%. The fatigue safety factor improves by 49.7%, 45.5%, 50.7%, and 41.6%. The stent area also increases of 14.7%, 14.8%, 16.1% and 0%. The above benefits come along with a side-effect, i.e. an increase of the level of von Mises stress induced in the artery wall. This is 
Table 1
Comparison of stent performances. R cell from (Kleinstreuer et al., 2008) . . Radial supportive force versus stent outer diameter of E-stents compared to R cell stent (Kleinstreuer et al., 2008) for a given area in contact with the artery wall. The design parameters for E-stent are n c ¼8, n l ¼ 10, t¼ 0.28 mm, w¼0.45 mm, while those for R stent are n c ¼20, n l ¼10, t ¼0.28 mm, w¼ 0.35 mm (Kleinstreuer et al., 2008 mainly caused by a higher radial supportive force applied by the sharp edges of the stent struts in contact with the artery wall. However, despite the higher stress level in the artery wall, the contact stress is distributed more uniformly around the artery wall. Furthermore, this stress level can be easily reduced by smoothing the sharp fillet of the strut edges of the stent in contact with the artery.
The results of the parametric study show that to obtain a shrinkable stent an upper limit is required on the number of cells in the circumferential direction. For example, Figs. 7(a-c) show that for a stent with n l ¼10, t ¼0.28 mm, w¼0.45 mm, only values of n c less than 10 enable the stent to can be shrunk without fracture.
The impact of the number of cells in the circumferential direction, n c , is illustrated in Figs. 7(a-c) . Whereas the supportive radial force of the stent is not affected, the stent area shows a rapid linear increase. The stent fatigue safety factor, on the other hand, decreases if n c reduces. Therefore, higher values of n c should Fig. 7 . Plots of number of cells in the circumferential and radial direction, thickness and width of cell elements versus radial force, fatigue safety factor, and metal area in contact with the artery for E cell geometry. (a-c) effect of n c for, n l ¼ 10, t ¼ 0.28 mm, w¼ 0.45 mm (d-f) effect of n l for t¼ 0.28 mm, w¼0.45 mm, n c ¼8; (g-i) effect of t for, w¼ 0.45 mm, n l ¼10, n c ¼8; (j-l) effect of w for, t¼ 0.28 mm, n l ¼ 10, n c ¼ 8 for E cell geometries. R stent is a benchmark stent design (Kleinstreuer et al., 2008) ; its design parameters are n c ¼ 20, n l ¼10, t¼ 0.28 mm, w¼ 0.35 mm.
be chosen while respecting the deployment constraint (Fig. 7(a) ). It is worthy to mention, also, that reducing n c might increase the stress level in the artery wall.
Figs. 7(d-f) illustrate the influence of the number of cells, n l , in the longitudinal direction on stent performance. By increasing n l for a given arterial length, the share of each row in supporting the arterial radial load decreases and reduces the level of radial supportive force (Fig. 7(d) ). In addition, the stiffness of the stent increases by shortening the length of each cell row. This outcome improves the stent fatigue safety factor by reducing the level of alternating strain.
Figs. 7(g) and 7(j) show that thickening the strut and width is beneficial for both stent radial stiffness and radial supportive force. Besides these gains, a stiffer stent would be also more resistant to the deformation imposed by a pulsatile pressure, thereby reducing the alternating strain experienced by its members. This is observed in Figs. 7(h) and 7(k), where the fatigue safety factor increases linearly with w and t. On the other hand, Fig. 7(i) shows that the stent area is not affected by any change of the stent thickness as opposed to the trend observed by varying n c , n l , w in Figs. 7(c), (f), and (l).
The result of Fig. 7 (g), however, should be taken with a caution. A thicker strut will cause a higher contact stress in the artery wall. Furthermore, blood flow in proximity with the artery wall and stent struts will affect the selection of the strut thickness. These issues should be determined through multi-disciplinary analysis and optimization involving both computational fluid dynamics and structural analysis.
The methodology proposed in this paper can be extended to synthesize the geometry of other types of stents, e.g. superficial femoral artery stents, to meet prescribed requirements imposed by a specific application. A fracture mechanics approach, based on the design guidelines for fatigue design of Nitinol devices Robertson and Ritchie, 2008; Stankiewicz et al., 2007) can also be integrated to further improve the performance of the stent lattice.
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